Single-span membrane proteins (ssMPs) represent approximately one-half of all membrane proteins and play important roles in cellular communications. However, like all membrane proteins, ssMPs are prone to misfolding and aggregation because of the hydrophobicity of transmembrane helices, making them difficult to study using common aqueous solution-based approaches. Detergents and membrane mimetics can solubilize membrane proteins but do not always result in proper folding and functionality. Here, we use cell-free protein synthesis in the presence of oil drops to create a one-pot system for the synthesis, assembly, and display of functional ssMPs. Our studies suggest that oil drops prevent aggregation of some in vitro-synthesized ssMPs by allowing these ssMPs to localize on oil surfaces. We speculate that oil drops may provide a hydrophobic interior for cotranslational insertion of the transmembrane helices and a fluidic surface for proper assembly and display of the ectodomains. These functionalized oil drop surfaces could mimic cell surfaces and allow ssMPs to interact with cell surface receptors under an environment closest to cell-cell communication. Using this approach, we showed that apoptosis-inducing human transmembrane proteins, FasL and TRAIL, synthesized and displayed on oil drops induce apoptosis of cultured tumor cells. In addition, we take advantage of hydrophobic interactions of transmembrane helices to manipulate the assembly of ssMPs and create artificial clusters on oil drop surfaces. Thus, by coupling protein synthesis with self-assembly at the water-oil interface, we create a platform that can use recombinant ssMPs to communicate with cells.
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biophysics | hydrophobic | self-assembly | membrane protein | cell-free protein synthesis M embrane proteins populate the surfaces of cells and allow cells to sense and interact with their external environments. Membrane proteins constitute 25-30% of all proteins identified in sequenced genomes, and understanding their functions is important, because they represent the majority of current drug targets (1) . Conventionally, function is inferred from structural studies of membrane proteins; these studies involve expression and purification of natural or recombinant membrane proteins followed by crystallization. However, membrane proteins are notoriously hard to work with because of their hydrophobic domains that can cause misfolding and aggregation (2) . Consequently, detergents and membrane mimetics (3) are used to solubilize membrane proteins. To avoid cytotoxicity caused by in vivo expression and enable highthroughput production, cell-free systems are used to express membrane proteins in vitro (4) (5) (6) (7) . Despite recent progresses, understanding the functions of membrane proteins is still a lengthy and difficult process.
Here, we develop a one-pot approach for synthesis, assembly, and display of single-span membrane proteins (ssMPs) for direct functional studies. ssMPs contain a single transmembrane (TM) helix that anchors the hydrophilic ectodomains on the membrane surface; ssMPs represent approximately one-half of all membrane proteins and are involved in important cellular functions, such as cell-cell communication and cell adhesion (1) . We synthesize ssMPs in a reconstituted cell-free protein synthesis system in the presence of oil drops (8, 9) . We believe that the interior of oil drops could provide the hydrophobic environment for the single TM helix, whereas the fluidic surface of oil drops mimics the cell membrane to display the ectodomain and allows lateral movement. Using a reconstituted rather than a cell-extract-based cell-free system, we synthesize ssMPs in a chemically defined mixture (10, 11) . Using oil drops to anchor ssMPs, we further remove most of the soluble components of the cell-free system. We expect that these oil drops can be directly used without additional purification for functional studies, such as cell-based assays. We apply our one-pot approach to produce natural apoptosis-inducing receptor ligands and show that these single-span membrane receptor ligands efficiently killed cultured cancer cells. Oil drops have been used to interact with cells (12, 13) and study protein interactions (14) (15) (16) (17) ; here, we produce oil drops coated with membrane proteins. By in vitrosynthesizing proteins from DNA templates, we can also rapidly engineer synthetic ssMPs to modulate their assembly and function (18) on oil drops and therefore, show a unique way to manipulate aggregation-prone hydrophobic proteins.
Significance
Single-span membrane proteins (ssMPs) are anchored by single hydrophobic helices to cell surfaces, where they mediate cell-cell communications. Unfortunately, hydrophobic helices also cause aggregation in solution, rendering ssMPs nonfunctional. We discovered that in vitro-synthesized ssMPs localize on an oil drop's surface, preventing aggregation of ssMPs in solution and promoting assembly of functional structures on the drop's surface. We use this approach to synthesize and display apoptosis-inducing ssMPs and show that these "death drops" are functional and can kill cultured cancer cells. Our results illustrate a one-pot method for rapid synthesis and assembly of functional ssMPs, which is facilitated by the hydrophobic interaction rather than limited by it. Such functionalized oil drops represent a platform to communicate with cells.
Results and Discussion
To conveniently visualize and monitor the synthesized protein, we genetically fused GFP with the TM helix (GFP-TM) from human programmed cell death protein 1 (PD1) (19) (20) (21) . We used this fusion protein as an artificial ssMP (GFP-TM) (Fig. 1A) . When synthesized in Escherichia coli, GFP-TM exhibits weak fluorescence and appears to aggregate and clump against the cell membrane (Fig. 1C) , whereas GFP exhibits strong fluorescence and appears to be soluble and disperse uniformly inside the cell (Fig. 1B) . When synthesized in vitro in a cell-free system, GFP-TM again forms aggregates (Fig. 1D) , whereas GFP disperses uniformly in solution (2) (SI Materials and Methods). The formation of GFP-TM aggregates is similar to the behavior of natural TM proteins, which are known to be aggregation-prone during protein synthesis in E. coli and in vitro.
Interestingly, when synthesized in vitro in the presence of oil drops (HFE-7500), GFP-TM is localized at the water-oil interface and cannot be easily washed away (Figs. 1F and 2 and Fig. S1 ). In fact, a very simple procedure was followed: oil was added to the cell-free synthesis solution at room temperature without surfactant, and the combination was then vortex-mixed. The resultant cell-free solution and oil drops were then incubated at 37°C for 90 min, producing oil drops coated with GFP-TM. Under the same conditions, GFP disperses evenly in solution, does not significantly localize on the drop surface, and is easily washed away (Figs. 1E and 2). GFP-TM is very stably localized on the drop surface; it takes many days for the signal from GFP-TM to completely disappear (Fig. S1 ). These results suggest that the localization of GFP-TM on the drop surface is dependent on the TM helix and that oil drops provide a hydrophobic environment for the TM helix, capturing newly synthesized GFP-TM before the TM helix causes aggregation. We speculate that the TM helix may enter the interior of the oil drop, leaving the hydrophilic GFP domain in the aqueous solution ( Fig. 1G) (8) . However, we cannot rule out the possibility that the TM helix is localized at the water-oil interface without entering the interior of the oil drop (see Fig. S2 ). In either case, the interaction between GFP-TM and the oil drop seems to be sufficient to prevent some GFP-TM from aggregation in solution. Because the fluorinated oil used here is denser than water, sedimentation is sufficient to separate protein-coated drops from their surrounding solution that contains soluble components of in vitro protein synthesis (Fig. 1G) . By repeated washing of oil drops, we can further purify the surface-bound proteins. To explore the generality of our method, we used two other oils, Silicon 1000 and Miglyol 812, as well as four additional TM helices. In all cases, GFP-TM proteins are strongly localized on oil surfaces, even after extensive washing, suggesting that our method can potentially be applied to any helix and many oil types (SI Materials and Methods and Fig. S3 ).
Like all membrane proteins, ssMPs tend to self-aggregate rapidly after in vitro synthesis. Even in the presence of oil drops, only a small fraction of newly synthesized ssMPs are localized on the drop surface (Figs. S4, S5, and S6) . Simply incubating the cell-free solution with oil drops without stirring captures only 1-3% of synthesized ssMPs on oil drops, leaving most ssMPs aggregated in bulk, and results in an uneven coverage of drops (Fig. 2) . We found that gently stirring oil drops during in vitro synthesis reactions made the drop coverage density much more uniform (Fig. 2) . Additional optimization of the in vitro synthesis conditions may further increase the amounts of surface-bound ssMPs.
To apply the same approach to natural ssMPs, we synthesize human apoptosis-inducing death ligands, FasL and TRAIL (22) (23) (24) (25) . We omit the cytoplasmic domain of FasL and TRAIL and express the portions consisting of the extracellular ectodomain and the TM helix. Based on the SDS/PAGE analyses of in vitro synthesis reactions, we estimate that the yields of FasL and TRAIL are 100 and 200 μg/mL, respectively (Figs. S4 and S5). In the absence of oil drops, the synthesized TRAIL is completely aggregated, because the TRAIL band disappears from the soluble fraction after centrifugation (Fig. S5 ). In the presence of oil drops, TRAIL is found among proteins that bind to oil drops and represents ∼3% of the total synthesized TRAIL (Fig. S5) . The presence of FasL and TRAIL on the surface of oil drops is further visualized by fluorescent anti-FasL antibody and fluorescent anti-TRAIL antibodies, respectively ( Fig. 3  A and B) . These data suggest that oil drops can be used to localize ssMPs at the water-oil interface, thus solubilizing them.
To show that FasL and TRAIL on the drop's surface are functional, we incubate FasL-and TRAIL-coated drops with Jurkat cells at 37°C for 90 min (Fig. 3C ). For controls, we incubate cells with GFP-TM-coated drops and in vitro-synthesized TRAIL without drops. In all experiments, the total number of cells is kept constant. To ensure that all in vitro-synthesized TRAIL is available, we added the entire mixture, including the cell-free synthesis solution, in the cell-based assays. The fraction of apoptotic Jurkat cells in the presence of drops mixed with the cell-free system absent DNA was within error bars of zero. Similarly, the fraction of apoptotic Jurkat cells in the presence of GFP-TM drops was within error bars of zero. These control experiments indicate that the cell-free solution and oil drops alone or oil drops coated with GFP-TM do not induce significant apoptosis of Jurkat cells. Remarkably, FasL-and TRAIL-coated drops induce apoptosis in ∼30% of cells (Fig. 3D) , indicating that surface-anchored FasL and TRAIL are functional. It seems that oil drops are critical for the functionality, because TRAIL synthesized in the absence of oil drops, which were immediately aggregated, induces apoptosis only in ∼2% cells (Fig. 3D) . It seems that cells must contact TRAIL-coated drops to undergo apoptosis and that TRAIL that comes off the drops (probably as aggregates) does not induce a high level of apoptosis (Fig. S7) . Taken together, drop-anchored FasL and TRAIL exhibit high apoptosis-inducing activity in Jurkat cells and seem to be more effective than a similar amount of the soluble ectodomain. We speculate that the oil drops not only solubilize in vitro-synthesized FasL and TRAIL but also, provide a fluidic surface on which these cell surface ligands can orient properly and move laterally (Fig. S8) . Such functionalized oil surface could create a high local concentration of the ligands and lead to more efficient interactions with the receptors on the cell surface (Fig. 3D) (26) , similar to the high apoptosis rate induced by TRAIL-coated leukocytes in the work by Mitchell et al. (27) .
In the next set of experiments, we manipulate the assembly of synthetic ssMPs to form clusters on the oil drop surface. We first exploit the hydrophobic interaction of the TM helix by fusing a second TM to GFP-TM, creating a GFP with an artificially elongated TM helix (GFP-2xTM) (Fig. 4A) . GFP-2xTM appears to cluster on the oil drop surface, forming a sparse network with regions densely packed with GFP-2xTM as well as regions that appear void of the protein (Fig. 4 B, scheme and F) . In comparison, GFP-TM was more uniformly distributed across the drop surface (Fig. 4E) .
We next create another synthetic ssMP by fusing a TM to streptavidin (SA), which naturally forms a tetramer (SA-TM) (Fig.  4C) . We synthesized SA-TM in vitro in the presence of oil drops; in contrast to GFP-TM but similar to GFP-2xTM, SA-TM forms dense clusters on the drop surface (Fig. 4 D, scheme and G) . Based on the synthesis yield, we calculate SA-TM coats drops with a coverage density measured to be 4.0 ± 0.5 × 10 12 active SA proteins per 1 cm 2 (SI Materials and Methods and Fig. S9 ). This coverage density is ∼20 times higher than that maximum packing oil drop surface allows (28) . These data suggest that SA-TM forms 3D structures on the drop surface, which can be visualized by confocal fluorescence microscopy (Fig. 4G) . Because each SA-TM tetramer has four TM helices, we suspect that some TM helices participate in high-order hydrophobic interactions with each other rather than oil drops, thus forming dense clusters before and during localization onto the drop surface. Here, cotranslation of SA-TM with oil drops allows assembly of 3D structures at the water-oil interface. To examine whether the number of TM helices per SA tetramer is correlated to the clustering of SA-TM, we coexpress SA and SA-TM in the cell-free system in the presence of oil drops. By using increasing amounts of SA-TM DNA relative to SA DNA, we intend to synthesize hybrid tetramers with one to four TM helices per tetramer (Fig. 5 A-E) . Based on the SDS/PAGE analyses, roughly equal amounts of the SA proteins/domains are synthesized in all cases and anchored on oil drops (Fig. S6) . When only 0.25 of the DNA is for SA-TM, the tetramers, on average, only have a single TM helix, and like GFP-TM, this single-helix tetramer disperses evenly over the oil-water interface (Fig. 5A) . As we increase the fraction of SA-TM DNA, the extent of SA clustering, indicated by the typical cluster size, increases as well (Fig. 5 A-E). Preclustering protein ligands could enhance ligand-receptor communications between cells (29) . To show such application, oil drops with different extents of SA clustering are used to conveniently anchor and precluster biotinylated antibodies that recognize cell surface receptors. In this case, we use biotinylated anti-human CD95 mAb (biotin anti-CD95) capable of inducing apoptosis by cross-linking the receptor CD95. Biotin anti-CD95 alone in solution induces apoptosis in 8% of Jurkat cells. Remarkably, as we anchor biotin anti-CD95 on SA-coated oil drops and increase the extent of SA clustering, the fractions of apoptotic cells also increase up to 35%, where the maximal clustering of SA tetramer is achieved (Fig. 5) . The data suggest that preclustering of the receptor ligands (in this case, biotin anti-CD95) on oil drops is directly correlated to the effectiveness of inducing apoptosis through the CD95 receptor. This result is consistent with the known effect of the CD95 receptor clustering on apoptosis (30) (31) (32) (33) .
In summary, we describe a one-pot method to synthesize and display natural or synthetic ssMPs on oil drop surfaces. Our approach applies to a truncated form of the full-length natural ssMP, consisting of the ectodomain and the TM helix and without the intracellular domains. Many natural ssMPs have small intracelluar domains, some of which comprise only a few amino acid residues. The functionality of ssMPs is largely exhibited by the interactions of their membrane-anchored ectodomains with cell surface receptors of other cells. Therefore, our method overcomes one of the bottlenecks in functional studies of ssMPs, which are, in general, difficult to deal with experimentally because of the presence of TM helices. For instance, we can rapidly produce a large number of ssMPs by cell-free synthesis and use ssMP-coated oil drops to mimic cell surface conditions for direct cell-based functional assays.
Additionally, this method permits us to exploit hydrophobicity to modulate protein interactions at the water-oil interface, thereby showing that hydrophobic interactions may be used to facilitate, rather than limit, the studies of TM proteins.
Detergents and membrane mimetics have been used to solubilize membrane proteins synthesized in cell-free systems. However, subsequent processes of purifying functional membrane proteins can be difficult and lengthy. In comparison, our approach immobilizes ssMPs on oil drops; therefore, by simply washing oil drops, functional ssMPs may be separated from most of the aggregated and nonfunctional ssMPs and components of cell-free systems. We find that oil drops still bind many components of the cell-free system, even after repeated washing (Figs. S4, S5, and S6 ). This nonspecific binding to oil surface is likely caused by hydrophobic areas on the surfaces of soluble proteins and could be further minimized by using more stringent washing conditions, blocking agents, and different surfactants. ssMP-coated oil drops represent a platform to communicate with cells that has advantages over current approaches. For instance, soluble protein ligands, such as TRAIL, or antibodies can bind cell surface receptors but cannot do so in the context in which membrane-bound ligands normally function and therefore, may not have the same activity and effectiveness. Conjugation of antibodies and ectodomains on nanoparticles (34) and liposomes through chemical reactions (35) or affinity tags (27) intends to mimic the cell surface, but the orientation and position of chemically conjugated protein ligands can be difficult to control. It is not possible to form extensive clusters on nanoparticles and liposomes that can potentially induce strong biological responses (32, 33) . In contrast, ssMPs are more likely to orient properly on oil drops, capable of being spatially clustered, and in a fluidic environment that facilitates the communication with receptors on cell surfaces.
Materials and Methods
Reagents. Fluorescein (FITC)-conjugated mouse anti-human Fas ligand mAb (clone SB93a), soluble TRAIL recombinant human protein (PHC1634), and apoptosis inducing anti-human CD95 mAb (clone NOK-1) were purchased from Life Technologies. Phycoeerythrin-conjugated mouse anti-human TRAIL mAb (clone 2E5) was purchased from Abcam. In vitro protein synthesis reagents (IVT) are from New England Biolabs (PURExpress Kit). Perfluorinated oil (Novec-7500) was purchased from 3M. The genes for human Fas ligand (23 kDa; residues 80-281, omitting the cytoplasmic domain), TRAIL (31 kDa; residues 18-281, omitting the cytoplasmic domain), and SA were synthesized by Integrated DNA Technologies and cloned into pUCA105T7 vector, a pUC19 derivative with a T7 promoter (36) .
The genes for GFP and SA were amplified by PCR and cloned into pUCA105T7 to create the GFP and SA DNA templates. The gene for TM or 2xTM was amplified by PCR and cloned into the C terminus of GFP or SA to create the DNA templates: GFP-TM, GFP-2xTM, or SA-TM.
In Vivo Expression of GFP and GFP-TM in E. coli Cells. DNA templates for GFP and GFP-TM were transformed into an E. coli expression strain: T7 Express lysY/Iq (New England Biolabs). The cells were grown in LB at 37°C to the log phase. Isopropyl-beta-D-thiogalactopyranoside (0.1 mM) was then added to induce protein expression. After incubation at 37°C for another 2 h, cells were examined under fluorescent confocal microscope.
In Vitro Protein Synthesis in the Presence of Oil Drops. To synthesize proteins in vitro, the IVT solution was mixed with DNA templates (10 ng/μL) and incubated at 37°C for 4 h [for some qualitative microscopy-only experiments (i.e., experiments that do not involve apoptosis), incubation time was 3 h]; the resulting protein solution was stored at 4°C or on ice.
To measure the amounts of TRAIL and FasL proteins produced by IVT, we ran the in vitro synthesis reactions (2.5 μL) on SDS/PAGE gels. The gels were stained by SimplyBlue Safe Stain (Life Technologies) and scanned by the ODYSSEY Infrared Imaging System (LI-COR Biosciences). We quantified newly synthesized proteins using ODYSSEY quantification software and an internal standard protein with a known quantity on the same gels. We estimated that 100 μL IVT produces ∼10 μg FasL and 20 μg TRAIL (Figs. S4 and S5).
To synthesize proteins in vitro in the presence of oil drops, the IVT solution (100 μL) containing DNA templates (10 ng/μL) was mixed with 20 μL oil in a flat-bottomed vial. The vial was then vortexed for ∼10 s to directly generate oil drops in the IVT solution. In the case of monodisperse drops, they were first made with microfluidic devices (37) and then, mixed with the IVT solution. The IVT and oil drop mixture was then incubated at 37°C for 3-4 h to allow protein synthesis in the presence of oil drops.
To determine the amounts of TRAIL stably anchored on oil drops, we washed oil drops three times after protein synthesis and extracted proteins remaining on oil drops by adding 5 μL 10% (mass/mass) Nonidet P-40 and 10 μL 3× SDS Sample Buffer (NEB). The solutions were heated at 95°C for 5 min and then, directly loaded on SDS gels. Based on the analyses of the scanned gels, we estimated that, from 100 μL IVT reaction, 130 ng FasL [1.3% (mass/mass) total synthesized protein] and 600 ng TRAIL [3% (mass/mass) total synthesized protein] were anchored on the oil drops. When these oil drops were mixed with 1 mL cell suspension, the amounts of FasL and TRAIL corresponded to 5.6 and 19 nM, respectively.
Biotinylated FITC (Sigma-Aldrich; at concentrations of ∼50 nM) was used to visualize SA-coated drops. Anti-Fas ligand antibodies conjugated to FITC (Life Sciences) were used (at concentrations of ∼50 nM) to image Fas ligandcoated oil drops. Anti-TRAIL antibodies conjugated to phycoeerythrin (Abcam) were used (at concentrations of ∼50 nM) to image TRAIL-coated oil drops.
Interaction of Protein-Coated Oil Drops with Natural Cells. Jurkat cells are purchased from ATCC and cultured in DMEM with 2% (vol/vol) FBS and 0.1% PenStrep at 37°C and 5% (vol/vol) CO 2 (culture media from Life Technologies). Jurkat cells, suspended at ∼10 6 cells per 1 mL, were placed in 48-well plates (Corning) and returned to the incubator for 2-4 h. The cells were then mixed with ∼10 5 oil drops and/or the cell-free protein synthesis solutions. These materials were simply pipetted into the wells, where they were then free to diffuse or sediment. To induce apoptosis with soluble TRAIL, recombinant human soluble TRAIL (20 kDa; 50 μg; Life Technologies) was resuspended in 250 μL water. We added 2 μL soluble TRAIL solution (0.2 mg/mL) in 1 mL cell suspension, resulting in a final soluble TRAIL concentration of 20 nM. To induce apoptosis with antibody, biotinylated antihuman CD95 mAb (100 μg; Sigma-Aldrich) was resuspended in 1 mL water. We mixed 10 μL anti-CD95 (0.1 mg/mL) with SA-TM oil drops and added to 1 mL cell suspension, which corresponds to the final concentration of 7 nM anti-CD95.
These mixtures were then returned to the incubator at 37°C and 5% (vol/vol) CO 2 for 90 min to induce apoptosis. After 90 min, the well plates were removed from the incubator, and the remaining steps proceeded at room temperature (∼22°C). To identify apoptotic (and necrotic) cells, an apoptosis assay (Sigma-Aldrich) was used.
Annexin V suspension (5 μL; Sigma-Aldrich) per 500 μL cell suspension was added to the cell suspension to fluorescently label cells undergoing apoptosis (38) . A calcium binding buffer was also needed for Annexin V to bind properly; this binding buffer was added at a ratio of ∼50 μL per 500 μL. However, Annexin V can also attach to necrotic cells; propidium iodide will only attach to necrotic cells, and therefore, 10 μL propidium iodide per 500 μL cell suspension was also added. Cells were identified as undergoing apoptosis if they were labeled with Annexin V but not if they were labeled with propidium iodide.
Apoptotic cells were counted by fluorescent image analysis. Well plates were placed on a confocal microscope (Leica SP5). Images were taken in bright-field mode to count the total number of cells. Fluorescent micrographs were also taken to determine the levels of Annexin V and propidium iodide in each cell. Computational particle tracking analyses counted the number of cells as well as their total green and red fluorescent levels. The analysis technique was validated by counting manually as well.
